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Abstract 
 Due to concerns about rising CO2 emissions from fossil fuel power plants, there has been a 
strong emphasis on the development of a safe and economical method for Carbon Capture 
Utilization and Storage (CCUS).  One area of current interest in CO2 utilization is the Enhanced Oil 
Recovery (EOR) from depleted reservoirs.  In an Enhanced Oil Recovery system, a depleted or 
depleting oil reservoir is re-energized by injecting high-pressure CO2 to increase the recovery factor 
of the oil from the reservoir.  An additional benefit beyond oil recovery is that the reservoir could 
also serve as a long-term storage vessel for the injected CO2.  Although this technology is old, its 
application to depleted reservoirs is relatively recent because of its dual benefit of oil recovery and 
CO2 storage thereby making some contributions to the mitigation of anthropogenic CO2 emissions.  
Since EOR from depleted reservoirs using CO2 injection has been considered by the industry only 
recently, there are uncertainties in deployment that are not well understood, e.g. the efficiency of the 
EOR system over time, the safety of the sequestered CO2 due to possible leakage from the reservoir.  
[ix] 
 
Furthermore, it is well known that the efficiency of the oil extraction is highly dependent on the CO2 
injection rate and the injection pressure.  Before large scale deployment of this technology can 
occur, it is important to understand the mechanisms that can maximize the oil extraction efficiency 
as well as the CO2 sequestration capacity by optimizing the CO2 injection parameters, namely, the 
injection rate and the injection pressure. 
 In this thesis, numerical simulations of subsurface flow in an EOR system is conducted 
using the DOE funded multiphase flow solver COZView/COZSim developed by Nitec, LLC.  A 
previously developed multi-objective optimization code based on a genetic algorithm developed in 
the CFD laboratory of the Mechanical Engineering department of Washington University in St. 
Louis is modified for the use the COZView/COZSim software for optimization applications to 
EOR.  In this study, two reservoirs are modeled.  The first is based on a benchmark reservoir 
described in the COZSim tutorial; the second is a reservoir in the Permian Basin in Texas for which 
extensive data is available.  In addition to pure CO2 injection, a Water Alternating Gas (WAG) 
injection scheme is also investigated for the same two reservoirs.  Optimizations for EOR Constant 
Gas Injection (CGI) and WAG injection schemes are conducted with a genetic algorithm (GA) 
based optimizer combined with the simulation software COZSim.  Validation of the obtained multi-
objective optimizer was achieved by comparing its results with the results obtained from the built-in 
optimization function within the COZView graphic user interface.  Using our GA based optimizer, 
optimal constant-mass and pressure-limited injection profiles are determined for EOR.  In addition, 
the use of recycled gas is also investigated.  Optimization of the EOR problem results in an 
increased recovery factor with a more efficient utilization of injected CO2.  The results of this study 
should help in paving the way for future optimization studies of other systems such as Enhanced 
Gas Recovery (EGR) and Enhanced Geothermal Systems (EGS) that are currently being 
investigated and considered for CCUS. 
[1] 
 
1 Chapter 1  
Introduction 
1.1 Energy Consumption and its Effects on the Environment 
 
World fossil fuel consumption has grown at an alarming rate since the beginning of the 20th 
century.  Energy from fossil fuels has been used for power generation, transportation, heating and 
cooling of indoor environments, industrial production, water processing and production, and waste 
processing.  These services and products have become an essential aspect of modern life and have 
enabled human civilization to advance technologically at an ever-increasing pace, leading to an 
enhanced standard of living and quality of life.  Current energy use estimates put usage approaching 
500 quadrillion BTU, and projections for 2040 forecast 800 quadrillion BTU of energy 
consumption.  Although renewable energy is predicted to account for an increased amount of 
energy supply in the future, fossil fuels will remain the predominant source of energy over the next 
quarter century [1]. 
 
Figure 1-1: Historical world energy consumption and projections [1] 
[2] 
 
Fossil fuels are an extremely convenient energy source: they are easily accessible, efficient, 
relatively affordable, and are extremely abundant for the time-being.  However, fossil fuels result in 
air and water pollution and are the largest contributor of greenhouse gas (GHG) emissions.  There is 
substantial evidence demonstrating that the emission of greenhouse gases caused by the combustion 
of fossil fuels may lead to climate change, which would cause dire consequences to the earth’s 
ecosystem.  When fossil fuels such as oil, coal, and natural gas are burned, carbon dioxide, a 
common GHG, is released into the atmosphere.  While carbon dioxide concentrations may seem 
relatively small over a short-term period, CO2 takes an extended period of time to decay, resulting in 
anthropogenic emissions remaining in the air for hundreds of years.  This can lead to a 
compounding increase in the atmospheric concentration of CO2 as the rate of release is greater than 
the decay rate.  Atmospheric CO2 levels have risen dramatically from approximately 315 ppm in 
1960 to current levels of approximately 400 ppm [2].  CO2 emissions have been steadily rising since 
the beginning of the 20th century; while the early 1900s CO2 emissions were around 25,000 
teragrams, current levels are greater than 30,000 teragrams [3]. 
 
 
Figure 1-2: Atmospheric concentrations of CO2 recorded at the Mauna Lao Observatory 
[3] 
 
Studies suggest a strong correlation between the increased concentration of anthropogenic 
CO2 and the increased average surface temperature of the Earth which can lead to global warming.  
Global warming can lead to striking shifts in short-term weather patterns and can dramatically 
impact long-term climates and ecosystems.  Global warming can also cause rising sea levels, ocean 
acidification, changes in precipitation patterns, an expansion of subtropical deserts, species 
displacement, and diminished agricultural yields.  If unabated, global warming has the potential to 
cause catastrophic effects to the Earth and our society, and therefore the need to develop 
technologies to mitigate the effects of anthropogenic CO2 is urgent.  There are several approaches 
that are currently being considered for sequestration and utilization of captured CO2 from coal 
powered energy generation plants.  These are briefly described below. 
1.2 Geological Carbon Sequestration and Utilization 
 
Carbon Capture and geological sequestration (CCGS) offers a potentially viable solution for 
reducing direct CO2 emissions from stationary sources into the atmosphere.  Long-term geological 
CO2 storage can help stabilize and mitigate the concentration of CO2 in the atmosphere.  In a typical 
CCGS project, carbon is captured at significant emitters of CO2 such as power plants or industrial 
sources such as cement factories and is permanently sequestered in nearby geological formations 
such as saline aquifers, oil and gas fields, and un-mineable coal seams.  These geological formations 
have a highly permeable reservoir capped with a relatively impermeable layer of rock which prevents 
the leakage of CO2 from the reservoir.  When fully implemented, CCGS could have the capacity to 
reduce CO2 emissions from power plants by as much as 80-90 percent [3]. 
  
[4] 
 
1.2.1 Trapping Mechanisms in Geological Carbon Sequestration 
 
The Earth has many layers of geological formations of differing hydrogeological and 
thermodynamic properties.  A reservoir forms when a geological formation with a high porosity is 
overlaid by a low porosity formation.  The high porosity formation allows subsurface fluid such as 
oil, gas, or saline water to be contained at higher levels than the low porosity structure above.  The 
low porosity and low permeability layers surrounding the reservoir result in the containment of the 
fluid solely inside the reservoir.  These reservoirs are present throughout the world and the survey 
shows that some can serve as prime candidates for long-term CO2 storage through the use of the 
CCGS process.  After the CO2 is captured from stationary emitters, it is compressed, transported, 
and injected to the predetermined geological formation (reservoir) for permanent storage.  The CO2, 
much like the oil, gas, or saline water, is stored within the reservoir 
Once the CO2 is injected into the geologic formation, it undergoes four distinct trapping 
mechanisms to ensure complete and permanent storage within the reservoir.  Figure 1.3 shows the 
sketch of time-scales, storage contributions, and security of various trapping mechanisms described 
below [4]. 
[5] 
 
 
Figure 1-3: Trapping mechanisms, timeframes, storage contribution, and security of CO2 
inside a geological formation [5] 
 
1. Structural trapping: this mechanism utilizes the physical properties of the reservoir and the 
injected CO2 to ensure a complete trapping. The formation, surrounded by an upper, lower, 
and lateral confining formation, eliminates CO2 leakage out of the reservoir. Of these 
formations, the upper formation is especially important to limit buoyant upward migration 
of injected CO2. Structural and stratigraphic trapping is the primary stage in GCS and is 
responsible for trapping the majority of the CO2 during initial injection. It is, however, the 
least secure mechanism and has a high risk of leakage. 
2. Residual trapping: voids in the reservoir originally hold fluid such as saline water, natural gas, 
or oil. Due to CO2 injection, some of the in situ fluid will be driven out of the system and 
[6] 
 
replaced with CO2. As the CO2 moves through the reservoir, some parts become separated 
from the plume and form disconnected droplets in pore space. These isolated droplets 
remain immobile due to the capillary pressure surrounding them. This process has a 
relatively small capacity but is more secure than structural and stratigraphic trapping.  
3. Solubility trapping: once present in the reservoir, the injected CO2 mixes and dissolves into 
the original formation fluid, forming a combined mixture that is slightly denser than the 
surrounding fluid.  The relatively dense mixture then sinks to the bottom and becomes 
trapped in the reservoir. Although this process is more secure than the previously mentioned 
trapping mechanisms, it is a very time consuming process and its success depends on the 
characteristics of the reservoir fluid. For example, brine water may serve as a better conduit 
for solubility trapping than natural gas because CO2 dissolves more easily into the brine 
water.  
4. Mineral trapping: The dissolved CO2 into the reservoir fluid may form a weak carbonic acid. 
Over a very long time period, carbonic acid is predicted to interact with rock formation to 
form new carbonate minerals precipitates. The formation of these carbonate minerals is the 
final stage of CO2 storage and is the most permanent trapping mechanism.    
1.2.2 Carbon Capture Utilization and Storage (CCUS) 
 
Carbon Capture Utilization and Storage is the process of using captured CO2 either 
anthropogenic or from naturally occurring sources for enhanced oil recovery (EOR), enhanced gas 
recovery (EGR), or enhanced geothermal systems (EGS), etc.  Unlike CCS projects, which only seek 
to store CO2, CCUS projects use captured CO2 to enhance energy production.  The carbon taken 
from a power plant that employs carbon capture technology to create a nearly pure stream of CO2 
exhaust is injected underground into a geological formation where it can be used for EOR, EGR, or 
[7] 
 
EGS depending upon the type of formation and the material contained in it.  Figure 1.4 shows a 
schematic of the CCUS process.  
 
 
Figure 1-4: A schematic of potential CCUS projects [6] 
 
Oil and gas production generally occur in three phases: primary, secondary, and tertiary 
production phases.  The primary production phase is a process where oil or gas is produced using 
the pent up energy of the fluid in the rock formation.  Recovery easily occurs while pressures are 
high and once the initial energy is depleted, fluid is lifted in an “artificial lift” so the production can 
be prolonged.  At the end of the production phase, approximately 80-90% of the oil is still trapped 
in the rock pores.  The secondary production phase involves injection a substance (generally water) 
to re-pressure the rock formation.  The increased pressure efficiently produced an equal or greater 
volume of oil than in the primary phase of production.  The result is an oil field with generally 50-
80% original oil in place (OOIP) and a substantial increase in water volume due to the water 
flooding [9].  The tertiary production phase is the EOR phase of production.  
[8] 
 
Enhanced Oil Recovery uses highly pressurized CO2 to increase the recovery factor of an 
existing oil well. In deep oil reservoirs, CO2 becomes supercritical and miscible with oil, causing a 
reduction in oil viscosity, a reduction in the surface tension between the oil and the surrounding 
rock, and a swelling effect in the oil.  This results in more mobile oil in the reservoir allowing for 
easier extraction from the recovery well.  Enhanced Oil Recovery is used regularly across the US and 
around the world.  The US Department of Energy (DOE) estimates that there are over 100 
commercial CO2 injection projects used for EOR [6].   
The CO2 used in most EOR projects comes from surrounding natural CO2 sources; 
however, recent advances in technology have allowed for CO2 captured from large stationary 
sources such as power generation plants to be used economically [6], and further regulations on 
emissions from power plants may enhance its economic viability.  Furthermore, the DOE has stated 
that the generation of additional oil sources in the United States will require further development of 
CCS integrated with EOR [6]. The EOR projects have been in development for many decades and 
the results are well documented and promising. 
 
1.2.3 Current Projects Utilizing CCUS for EOR 
 
The first CO2-EOR projects tested at a large scale occurred in the 1990’s in the Permian Basin of 
West Texas and southeast New Mexico.  The first project was initiated in January 1972 in Scurry 
County, Texas and the second project was initiated in April 1972 in Crane and Upton Counties, 
Texas. These two CO2 floods were encouraged by special tax treatments of oil income from 
experimental procedures and by a daily production allowable relief offered by the Texas Railroad 
Commission.  Since then and over the following decades, a number of new projects have been 
[9] 
 
implemented.  Today, there are 111 floods underway in the United States; 64 of which are in the 
Permian Basin. [7]. A few examples of pilot projects and commercial CO2-EOR projects either 
completed or in progress are listed below [8].  
1) Permian Basin (Texas, USA): It is the largest CO2-EOR site by measure of oil production, 
Occidental Petroleum, Denbury Natural Resources, ExxonMobil, and ConocoPhillips 
among others have been utilizing CO2-EOR technology in this region since 1972.  Extensive 
pipeline infrastructure and plenty of nearby CO2 sources have made it a prime location for 
expansion.  Since 1986, Permian Basin projects have more than tripled and oil production 
has increased to approximately 1 million barrels of oil per day or approximately 5 percent of 
daily U.S. oil production. 
2) Poplar Dome Reservoir (Montana, USA): Magellan Petroleum Corporation obtained permits 
to drill five wells as part of a previously announced CO2-EOr pilot program which began in 
October 2013.  CO2 is being supplied by Air Liquide Insdustrial U.S., LP for the two year 
long program. 
3) Ghawar Oil Field (Saudi Arabia): Saudi Aramco has been examining the use of CO2-EOR in 
Ghawar Oil Field, the largest oil field in Saudi Arabia based on the production levels over 
the past 60 years.  The Hawiyah gas plant is the planned CO2 source which will require a 70 
km onshore pipeline for transportation.  Specific CO2 monitoring objectives include 
developing a clear assessment of the CO2 potential for both EOR and CCUS as well as the 
testing of new technologies for CO2 monitoring. 
4) Jilin Oil Field (China): PetroChina began its Jilin CO2-EOR pilot project in 2009, making it 
China’s first CO2-EOR project.  By the end of 8 May 2011, approximately 167,000 tons of 
CO2 was successfully stored, and total oil production due to EOR reached 119,000 tons.  
[10] 
 
Phase 2 is scheduled to begin in 2015, when the CO2 sequestration and oil production is 
expected to quintuple. 
  
[11] 
 
2. Chapter 2 
2. Methodology for Simulation and 
Optimization of Enhanced Oil Recovery 
Using CO2 
 
The following sections briefly describe the methodology employed in the development of 
numerical simulation and optimization codes employed in determining the EOR using CO2. 
 
2.1 Properties of Supercritical CO2  
 
An understanding of the thermodynamic and chemical properties of CO2 is imperative for the 
proper analysis and implementation of CO2 assisted EOR methods.  A CO2 molecule consists of 
one carbon atom covalently bonded between two oxygen atoms.  It has an atomic weight of 44.01 
g/mol, and its critical point is at a temperature of 31°C and a pressure of 72.8 atm (73.8 bar) as 
shown in Figure 2.1.  At a temperature and pressure above the critical point, CO2 exhibits properties 
of both a gas and a liquid and is in a supercritical phase.  In this phase, CO2 typically has a density 
close to its liquid phase but viscosity and diffusivity similar to its gas phase. 
CO2 properties depend on temperature and pressure.  Figures 2.1 and 2.2 below show the 
relationship between changes in CO2 mobility and enthalpy with changes in temperature and 
pressure.  The properties are also compared to that of water in these figures. 
[12] 
 
 
Figure 2-1: Mobility of CO2 (left) and water (right), in units of 106 sm-2 [12] 
 
Figure 2-2:  Enthalpy of CO2 (left) and water (right), respectively, in units of KJ/kg [12] 
 
From Figure 2-1, it can be seen that pressure and temperature have a significant impact on 
CO2 mobility, however, the water mobility is essentially independent of pressure.  A similar 
conclusion can be drawn from Figure 2-2 for the enthalpies of both CO2 and water.  CO2 utilization 
in an EOR system normally occurs at elevated temperature and pressure due to the characteristics of 
the individual oil reservoir in which CO2 is injected.  Oil reservoirs range in temperature and 
[13] 
 
pressure with temperatures ranging from 100 degree Fahrenheit to 250 degree Fahrenheit and the 
pressures ranging from a few hundred psia to 5000 PSIA.  Oil reservoirs generally exist at depths 
between 2000 feet to 15000 feet.  With a pressure gradient of approximately 100 bars/km and a 
temperature gradient of approximately 25°C/km, it is expected that EOR will likely occur in the 
supercritical region of Carbon Dioxide. 
2.2 Physical Considerations in Modeling the EOR Systems 
 
In EOR systems, there are three main components found in the reservoir: oil, methane gas, 
and brine water.  Prior to primary recovery, the predominant reservoir fluid is oil.  After primary and 
secondary recovery, which both reduce the amount of oil in the reservoir and increase the level of 
water, there are varying levels of water, oil, and gas depending on the reservoir properties and the 
extent to which primary and secondary oil recovery procedures were performed and successful. 
Within the reservoir, there are complex interactions between the injected CO2 and oil as well 
as interactions between the reservoir fluids and surrounding rocks.  Therefore, multi-component, 
multi-phase flow modeling and simulations are necessary for understanding these interactions. 
Reservoir dimensions in EOR projects can range from a few acres to a few thousand acres in 
area, and the depths can be thousands of feet.  However, despite the potential vastness of these 
reservoirs, CO2 interactions with the in situ oil, methane, water, and rock formation occur at a 
microscopic level.  The life-cycle for EOR projects can generally extend as long as five decades, and 
the four CO2 trapping mechanisms can continue for thousands of years.  However, the interactions 
between the aforementioned variables occur on the scales of a few nanometers and nanoseconds.  It 
is not feasible to represent all the spatial and temporal scales in a tractable physical model; therefore, 
the use of a simplified physical model that can accurately analyze the behavior of multi-component 
multi-phase flow from micro- to macro-scale in both space and time is essential. 
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The physical model requires of additional simplifying assumptions to allow for a numerical 
solution without intensive computations and costs while still providing meaningful results of 
acceptable accuracy.  For the EOR simulations, the pertinent processes modeled include the 
migration of CO2 through the reservoir and the resulting migration of oil, gas, and/or water out of 
the reservoir depending upon the injection rate and pressure of CO2 as well as the fracture pressure 
of the formation. 
 
2.3 Selection of a Multi-Component Multi-Phase Flow Field Simulator 
 
Because of the large physical dimensions and long time period of CCUS in industrial scale 
projects, it is not feasible to analyze them using experimentation for each oil field of interest.  
Therefore, in order to simulate the effects of CO2 injection in a large reservoir over a long period of 
time, Computational Fluid Dynamic (CFD) simulations provide the only feasible alternative.  In 
recent history, CFD has been successfully employed in a variety of engineering applications such as 
aerodynamics and reservoir simulations. 
In this research, the CFD solver COZView/COZSim is employed.  COZView/COZSim was 
developed by Nitec, LLC sponsored by the U.S. Department of Energy’s National Energy 
Technology Laboratory (NETL).  The software is designed to accelerate CO2-EOR technical studies 
and is capable of simulating comprehensive 3-dimensional, 3-phase, 4-component fluid flows in 
reservoirs.  Simulation of CO2 sequestration in aquifers can also be modeled but is limited due to the 
exclusion of chemical reactions of CO2 with the formation.  The software consists of two 
components: the simulator COZSim and the pre and post processor COZView, which provides a 
useful interactive GUI.  COZSim can be and is used independent of COZView in this research; 
however, post-processing is still conducted with COZView. 
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While COZView and COZSim are designed to work as one package, COZSim allows for 
other computer programs to interface with the code via a calling function.  While the software uses a 
proprietary COZDAT file as an input, COZDAT files can be opened and manipulated in any text 
editor.  COZView has an optimization function but is limited to economic optimization only.  
Therefore, an optimization program that utilizes a genetic algorithm to run in conjunction with 
COZView to perform optimization studies of CO2 sequestration and utilization has been developed.  
2.4 Governing Equations of Multi-Component Multi-Phase Flow 
 
In Enhanced Oil Recovery applications, CO2 flow is primarily driven by a pressure gradient 
between the injection and production wells.  A mass influx inside the injection wells causes an 
increase in the bottom-hole pressure (BHP) so that it becomes greater than the average reservoir 
pressure.  A mass flux outwards in the production wells causes a decrease in the BHP so that it 
becomes less than the average reservoir pressure.  This pressure gradient throughout the reservoir 
creates a stream that flows from the injection wells to the production wells.  The governing multi-
component, multi-phase equations of fluid dynamics for subsurface flow can be expressed as: 
𝑑
𝑑𝑡
∫ 𝑀𝑐𝑑𝑉𝑛 = ∫ 𝑭
𝑐 ∙ 𝒏𝑑Γ𝑛 + ∫ 𝑞
𝑐𝑑𝑉𝑛𝑉𝑛Γ𝑛𝑉𝑛
                                    (Equation 1) 
where 𝑉𝑛 is the control volume of any subdomain of the system, Γ𝑛 is the closed surface that bounds 
the volume 𝑉𝑛, 𝒏 is the normal vector to the surface element dΓn that points into the volume 𝑉𝑛.  M 
can represent either the mass or energy accumulation per unit volume for each component c.  𝑭𝑐 
represents the net mass or energy flux through the control volume for component c, and 𝒒𝑐 
represents the mass or energy source or sink within the control volume [15]. 
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2.4.1 Mass Equation 
 
The mass accumulation term for each component in Equation 1 can be expressed as: 
𝑀𝑐 = 𝜙 ∑ 𝑆𝛽𝜌𝛽𝑋𝛽
𝜅
𝛽                                                        (Equation 2)  
where 𝜙 is the porosity of the media, 𝑆𝛽 is the saturation of the phase 𝛽, 𝜌𝛽 is the density of the 
phase 𝛽, and  𝑋𝛽
𝜅 is the mass fraction of the component 𝑐 in the phase 𝛽. 
The generalized form of the mass flux is also a sum over the phases, which can be expressed as: 
𝑭𝑐 = ∑ 𝑭𝛽𝑋𝛽
𝑐
𝛽                                                            (Equation 3) 
Using Darcy’s law for multiple phases, the individual mass flux for each phase is represented by: 
𝑭𝛽 = 𝜌𝛽𝒖𝛽 =  −𝑘
𝑘𝑟𝛽𝜌𝛽𝑔
𝜇𝛽
(∇𝑃𝛽 − 𝜌𝛽𝒈)                                        (Equation 4) 
where 𝑢𝛽 is the Darcy velocity in phase 𝛽, 𝑘 is the absolute permeability, 𝑘𝑟𝛽 is the relative 
permeability of phase 𝛽, 𝜇𝛽 is the viscosity of phase  𝛽, 𝒈 is the gravitational acceleration, and 𝑃𝛽is 
the fluid pressure of phase 𝛽.  𝑃𝛽 is found by the sum of the pressure P of a reference phase and the 
capillary pressure: 
𝑃𝛽 = 𝑃 + 𝑃𝑐𝑎𝑝𝛽                                                          (Equation 5) 
Substitution of Equations 2 - 4 above into Equation 1 gives the mass balance equation for a multi-
phase multi-component flow in a porous media [15]. 
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2.4.2 Energy Equation 
 
For multi-phase systems, the heat accumulation term is expressed as: 
𝑀𝑐 = (1 − 𝜙)𝜌𝑅𝐶𝑅𝑇 + 𝜙 ∑ 𝑆𝛽𝜌𝛽𝑢𝛽𝛽                                         (Equation 6) 
where 𝜅 refers to the heat component, 𝜌𝑅is the rock grain density, 𝐶𝑅 is the specific heat of the 
rock, 𝑇 is the temperature, and 𝑢𝛽 is the specific internal energy of the phase 𝛽.   
The heat flux is expressed as the sum of conductive and convective heat flow, which are 
represented by the first and second term, respectively, in the following equation: 
𝑭𝒄 =  −𝜆∇𝑇 + ∑ ℎ𝛽𝑭𝛽𝛽                                                    (Equation 7) 
Where the subscript 𝑐 denotes the heat component, 𝜆 represents the thermal conductivity, ∇𝑇 is the 
temperature gradient, ℎ𝛽  is the specific enthalpy of the phase 𝛽, and 𝑭𝛽 is the heat flux of the 
specified phase 𝛽.   
Just as with the mass equation, substituting Equations 6 and 7 into Equation 1 yields the 
energy equation of a multi-phase multi-component fluid flow in a porous medium.  Derivations and 
a more detailed description of the governing equations used in multi-phase multi-component fluid 
flow simulators can be found in Reference 15. 
2.5 Brief Description of Numerical Simulator COZSim 
 
As previously mentioned, COZSim is a three-dimensional, three-phase, four-component, fully 
implicit, finite-difference based black oil simulator capable of providing simulations in porous or 
fractured media.  The equations described in Section 2.4 are used as the governing equations in 
COZSim, and while the simulator uses black oil type input data, it converts them to compositional 
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form internally.  Built-in correlations estimate the component molecular weights, parachors, fluid 
properties, and mole fractions based on the specific gravity of oil and hydrocarbon gas.  Miscibility 
calculations are based on interfacial tension using black-oil data.  Interfacial tension reduction is used 
to model the transition from immiscible to partially miscible to fully miscible conditions.  Physical 
dispersion is determined from a Todd-Longstaff type model using an interfacial tension function.  
The Todd-Longstaff viscosity model and fluid densities are calculated as follows [16]: 
𝜌𝑜𝑒 = (1 − 𝜔)𝜌𝑜 + 𝜔𝜌𝑚                                                   (Equation 8) 
𝜌𝑔𝑒 = (1 − 𝜔)𝜌𝑔 + 𝜔𝜌𝑚                                                   (Equation 9) 
𝜌𝑠𝑒 = (1 − 𝜔)𝜌𝑠 + 𝜔𝜌𝑚                                                   (Equation 10) 
where 𝜔 is a fingering parameter to correct mixing and the density of the mixture is calculated by: 
𝜌𝑚 =
𝑆𝑠
𝑆𝑛
𝜌𝑠 +
𝑆𝑜
𝑆𝑛
𝜌𝑜 +
𝑆𝑔
𝑆𝑛
𝜌𝑔                                                   (Equation 11) 
Above miscibility pressure, the relative permeability is calculated by equations: 
𝑘𝑟𝑜 =
𝑆𝑜−𝑆𝑜𝑟𝑚
1−𝑆𝑤−𝑆𝑜𝑟𝑚
𝑘𝑟𝑛(𝑆𝑤)                                                 (Equation 12) 
𝑘𝑟𝑜 =
𝑆𝑔
1−𝑆𝑤
𝑘𝑟𝑛(𝑆𝑤)                                                 (Equation 13) 
𝑘𝑟𝑠 =
𝑆𝑠
1−𝑆𝑤
𝑘𝑟𝑛(𝑆𝑤)                                                 (Equation 14) 
where 𝑘𝑟𝑜 is the relative permeability the oleic phase, 𝑘𝑟𝑠 is the relative solvent permeability, and  
𝑘𝑟𝑛 is the non-wetting phase relative permeability in a water-oil two-phase system.  Additional 
details regarding the Todd-Longstaff viscosity model can be found in Reference [16]. 
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The model considers oleic, gaseous, and aqueous phases and consists of mass balances for 
water, oil, hydrocarbon gas, and CO2.  Four independent variables (bulk pressure and overall mole 
fractions for water, hydrocarbon gas, and CO2) are solved implicitly.  The model consists of four 
coupled component mass balance equations for each cell.  The conservation equation for each 
component c is given by: 
∇( 𝑟
𝜌𝑣𝑤𝑐
)𝑎 + ∇(
𝑟
𝜌𝑣𝑥𝑐
)𝑜 + ∇(
𝑟
𝜌𝑣𝑦𝑒
)𝑔 − 𝑞𝑐 =
(𝑧𝑐𝜌𝑡)
t
                   (Equation 15) 
where subscripts a, o, and g denote the three phases (aqueous, oleic, and gaseous), which were 
previously represented together as  𝛽 in Section 2.4.  𝜌 is the molar density of a phase and z is the 
overall mole fraction of the component c. The symbols w, x, and y are mole fractions of the 
component in aqueous, oleic, and gaseous phases respectively.  The symbol q represents the molar 
rate and is the directional Darcy velocity defined as: 
                    𝑣 = 𝑘𝑘𝑟λ(∇𝑃 − Υ∇𝐷)                                          (Equation 16) 
where 𝑘 is the absolute permeability, 𝑘𝑟 is the relative permeability, λ is inversely proportional to the 
viscosity, ∇𝑃 is the pressure gradient, and Υ∇𝐷 is the gravity component. 
The fluid data given in black-oil format is converted to compositional form internally by 
calculating the overall mole fractions and mole fractions for each component.  An example 
calculation of overall mole fraction of oil component from black oil data is given below. 
                   𝑧2 = (
𝑆0
𝐵0𝜌𝑜
𝑠𝑐)/(
𝑆𝑎
𝐵𝑎𝜌𝑤
𝑠𝑐 +
𝑆0
𝐵0𝜌𝑜
𝑠𝑐 +
𝑆𝑔
𝐵𝑔𝜌𝑔
𝑠𝑐)                     (Equation 17) 
where z2  is the overall mole fraction of the oil component and S is the solubility for each phase. 
The mole fraction of the oil component in oleic form is then expressed as: 
                           𝑥2 = 1/(1 + 𝑅𝑠𝑎
𝜌𝑜
𝑠𝑐
𝜌𝑔
𝑠𝑐)                                     (Equation 18) 
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where 𝑥2 is the mole fraction of the oil component in the oleic phase and Rsa is the solution 
hydrocarbon gas-oil ratio. 
The finite difference method uses the mass and energy equations described in Section 2.4 as 
the governing equations where all the needed quantities are defined by Equations 8 through 18.  In 
this method, the volume averages of the integral are represented as: 
∫ 𝑀𝑑𝑉 =  𝑉𝑛𝑀𝑛𝑉𝑛
                                                 (Equation 19)                    
where M is the volume-normalized extensive quantity and Mn is the average value of M over the 
volume Vn.  The area averages in the equations are represented as: 
∫ 𝑭𝜅 ∙ 𝒏𝑑Γ =  ∑ 𝐴𝑛𝑚𝐹𝑛𝑚𝑚Γ𝑛
                                          (Equation 20) 
where Fnm is the average value of the component of F over the surface interface between volume 
elements Vn and Vm. 
 
2.6 Brief Description of the Genetic Algorithm 
 
The Genetic Algorithm is a computational optimization technique modeled after natural 
biological evolution.  The algorithm starts with a set of randomly generated solutions which serve as 
the initial population.  Solutions from one population are used to form a new generation such that 
the newer population is better than the old one.  The solutions that are selected to form new 
populations or offspring are selected according to their fitness criteria.  A solution with better fitness 
has a higher likelihood to create offspring.  These steps are repeated until a specified condition such 
as the improvement of the best solution or a maximum number of iterations is met.  When the 
solutions in a generation have similar fitness values, the genetic algorithm is considered converged to 
an optimal value.  The steps of the genetic algorithm used can be outlined as follows: 
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1. Initialization: a series of n individuals are randomly generated and serve as the first 
generation. 
2. Get Fitness: a fitness or objective function value is determined for each individual in the 
generation and the individuals are sorted based on their fitness levels. 
3. Advance Generation: a new generation is created based on the individuals with the best 
fitness function value.  
4. Replacement: a portion, traditionally around 50% of the previous generation, is replaced by 
the newly created off-spring. The fitness values are reevaluated and the individuals are re-
sorted. 
5. Steps 3 and 4 are repeated until convergence is achieved. 
6. Convergence: convergence is achieved when all individuals in a generation have nearly the 
same fitness value. 
The genetic algorithm is written in the Java programming language and can be readily 
manipulated to vary the parameters such as mutation rate, number of individuals in a generation, and 
the fitness function being evaluated.  The genetic algorithm is modeled after the genetic algorithm 
used in the research performed by Zhang [11].  It should be noted that because COZSim results 
must be post-processed with COZView, fitness values must be manually determined and entered 
into the program for each individual. 
2.6.1 The Genetic Algorithm Integrated with COZSim 
 
As previously discussed, COZView does have a built-in optimization functionality in the 
software package.  However, the optimization tool is limited to economic optimization, that is, 
optimization where the fitness function is purely a maximization of Net Present Value (NPV) of the 
EOR Project as specified by the monetary costs and returns for each of the variables under 
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Figure 2-3: Flow chart of the genetic algorithm working in conjunction with 
COZView/COZSim 
consideration.  Therefore, the built-in optimization tool is used to limit the search space of the 
genetic algorithm by choosing the initial population to be within the range of possible solutions as 
specified by the built-in optimization tool.  The built-in optimization tool is set to only calculate the 
value of the oil produced and does not take into account the costs associated with different 
scenarios and therefore searches for solutions that will maximize the oil production. Initial 
experimentation with the built-in optimization tool has shown that use of this tool limits the search 
space thereby decreasing the run times for the genetic algorithm, it decreases the number of 
generations from approximately twelve to as few as four for convergence without any change in the 
results. 
After determining the proper search space for the optimization problem, the genetic 
algorithm can then be integrated with COZSim to create multiple input files based on their fitness 
function (Pre-simulation Processing), run COZSim using these input files, evaluate the resulting 
fitness functions of the simulations (Post-simulation Processing), and generate a new generation 
based on this data.  A flow chart of the entire process is shown in Figure 2.3. 
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The COZView/COZSim package consists of various source files written in proprietary 
COZDAT format.  While COZDAT files can be manipulated using a text editor, any post 
processing of the simulations executed in COZSim must be done through the graphic user interface 
(GUI), COZView.  The GUI provides a convenient interface to quickly generate meshes and allows 
for making quick changes to the simulations.  In addition, the GUI serves as a visual pre- and post-
processor for COZSim.  Because COZSim only allows for editing one simulation case at a time, the 
GUI is used to create a base case input file which the genetic algorithm can manipulate to select 
variables.  
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3. Chapter 3 
3. Simulation and Optimization of Enhanced 
Oil Recovery Systems 
 
The following sections describe the simulation and optimization of a benchmark EOR system 
for CFD validation and an industrial scale EOR system using the methodology described in Chapter 
2. 
3.1 Model Development and Simulation of a Benchmark Problem 
 
The COZView/COZSim package was installed on a Dell XPS 8700 PC with an 8-core Intel 
i7-4790 Processor at 3.60 GHz, 16 GB of RAM with a Windows 7 64-bit operating system.  This 
computer has the necessary computational power to run complex simulations and has been used in 
the research reported in this thesis. 
This problem focuses on the total amount of liquid oil that can be extracted from the 
reservoir through the injection of CO2 and the storage of CO2 in the depleted reservoir.  Depleted 
oil reservoirs are considered to be excellent candidates for long-term CO2 storage because they have 
an inherent capability of storing light gases for significant periods of time.  Injected CO2 has the 
ability to displace a significant amount of oil in the reservoir that has not been economical to extract 
in the past. Logistically, the infrastructure needed for enhanced oil recovery is already present at the 
potential sites.  The purpose of current EOR projects is to re-energize depleted or depleting oil 
reservoirs to extract the remaining oil. 
Many suitable injection and production wells are therefore already present at the reservoir due 
to prior oil extractions.  Two specific oil reservoirs are considered in this research to explore the 
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viability of EOR with CO2 injection.  The first is a benchmark problem described in the 
COZView/COZSim User Manual [12]; the second is a currently operational reservoir in the 
Permian Basin in Texas.  These two reservoirs are vastly different in their characteristics and are 
representative of two common reservoir types. 
 
Figure 3-1: Reservoir with a 5-spot injection pattern 
The model for both reservoirs follows the most commonly deployed five-spot injection 
pattern.  It consists of a central injection well surrounded by four production wells as shown in 
Figure 3-1.  For the benchmark case, the entire reservoir is modeled to ensure that the results are 
consistent with previous studies.  However, due to symmetry on both the vertical and horizontal 
axes, only one-fourth of the reservoir needs to be modeled.  Therefore, to minimize computation 
time and resources, only one-fourth of the model is simulated for the Permian Basin reservoir. 
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3.1.1 Benchmark Reservoir Properties 
 
The hydrogeological properties of this reservoir are given in Table 3-1:. 
Reservoir Properties 
Dimensions of 5-spot domain 1320 ft. X 1320 ft. 
Reservoir Thickness 75 feet 
Porosity 0.2 
Reservoir Temperature 125 degrees Fahrenheit 
Initial Pressure @ -4500 ft. 1500 PSIA 
Initial bubble point pressure 800 PSIA 
Horizontal Permeability 50 md 
Vertical Permeability 5 md 
Boundary conditions No mass flow at boundaries 
Initial CO2 Volume fraction 0 
Initial Oil Volume Fraction  41.0% 
Initial Water Volume Fraction 56.2%  
PSATHCG 800 PSIA 
Reservoir Volume  4,636,414 BBL 
Oil Gravity 36.3 API 
Water Salinity 45000 ppm 
HC Gas specific gravity 0.7 
Table 3-1: Benchmark Reservoir Properties [13] 
 
As discussed in Section 2.5, COZSim uses black oil type input data and converts them to 
compositional form internally using correlations specified internally through saturation functions 
and Pressure-Volume-Temperature (PVT) tables.  The saturation functions used by the reservoir are 
represented by figures 3-2 and 3-3 below.  It should be noted that correlation values have not been 
experimentally confirmed above 4000 psia, and therefore the reservoir pressure is always capped at 
4000 psia regardless of the well constraints. 
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Figure 3-2: KR-WO saturation plots for the benchmark reservoir 
 
 
Figure 3-3: KR-GO saturation plots for the benchmark reservoir 
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The computational domain is divided into three layers of 25-foot thickness each.  The 
injection of CO2 into the reservoir occurs in the lowest layer at 5000 MSCF/day and the oil 
production occurs at the four corners of all 3 layers.  This setup is employed to avoid substantial 
CO2 production while still attaining maximum oil production through all layers.  The remaining 
parameters to complete the input file are tabulated below and often use the default values in the 
code.  The simulation is terminated when the Gas Oil Ratio exceeds 5000, meaning that there is CO2 
contamination in the production stream with substantial outflow of CO2 from the well.  The 
production well shut-in time corresponds to this specified Gas Oil Ratio condition.  Additional 
model parameters are defined in Table 3-2. 
Additional Parameters 
Minimum Reservoir Elevation -4513 feet 
Maximum Reservoir Elevation -4607 feet 
BHP of Recovery Well 1500 PSIA 
Maximum Production Rate 1600 STB/day (400 STB/day per well) 
Minimum Oil Rate 5 STB/day 
Model Type 2 phase 
Table 3-2: Additional Parameters for the Benchmark Reservoir model 
 
At the well shut-in time, the total oil recovery factor of the reservoir is calculated by the 
formula: 
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑂𝑖𝑙 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑂𝑖𝑙 𝑖𝑛 𝑃𝑙𝑎𝑐𝑒
 
 
3.2 Optimization of the Benchmark Problem 
 
The benchmark problem discussed in Section 3.1 serves as a simple example of an enhanced 
oil recovery system.  In order to provide an economic incentive to implement EOR systems in 
industry, increasing the recovery factor and decreasing the well-shut in time is necessary.  Increasing 
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the recovery factor will increase the amount of oil that can be sold for a profit while decreasing the 
well shut-in time will decrease the cost of well operation.  
In order to determine the optimal recovery factor for oil extraction for this benchmark EOR 
problem, we employ a genetic algorithm that works in conjunction with COZSim.  The genetic 
algorithm (GA) code is first used to optimize the recovery factor for a constant volume injection 
rate of CO2.  Later, it is used to optimize a time-dependent injection scenario for CO2 to maintain 
the injection well bottom-hole pressure constant. 
3.2.1 Optimization of Recovery Factor for a Constant Volume Injection Rate 
 
Before the benchmark EOR problem can be properly optimized, a few key parameters must 
be determined by performing a series of COZSim simulations at different CO2 injection rates.  For 
this study, the reservoir conditions of the benchmark problem described in Section 3.1 are kept the 
same.  The injection rate is however varied with specified increments.  Because of the low 
permeability and other geometric parameters of the reservoir, it is not expected that an optimal rate 
of CO2 will be greater than 5000 MSCF/day.  Rates higher than 5000 MSCF/day are not only 
economically unrealistic for a reservoir of this size, but will also cause a substantial pressure increase 
in the reservoir which may possibly result in reservoir fracture.  A lower threshold for the CO2 
injection rate was established at 100 MSCF/day based on information from prior literature.  Five 
simulations are conducted which are compared with the optimization results. 
Figure 3.4 shows the effect of an increasing injection rate on the recovery factor of the 
reservoir.  Increasing the injection rate from 1200 MCSF/day to 4600 MCSF/day increases the 
recovery factor by approximately 6%; however, a further increase of the injection rate to 5000 
MCSF/day reduces the recovery factor by approximately 1.4%.  This implies that 4600 MCSF/day is 
close to the maximum value for the recovery factor between 100 MSCF/day and 5000 MSCF/day. 
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Figure 3-4: Relationship between CO2 injection rate and the recovery factor for the 
benchmark reservoir using COZSim 
Figure 3-5 shows a plot of simulation time in days and the amount of CO2 contamination in 
the production stream represented by the ratio of Gas to Oil in the production stream for CO2 
injection rates of 1200, 4600, and 5000 MCSF/day.  From this figure, it can be seen that the higher 
injection rates have a shorter life cycle (time for well operation) than the lower injection rates.  This 
explains why a 5000 MSCF/day injection rate has a lower recovery factor than the 4600 MSCF/day.  
The higher injection rate has a quicker CO2 contamination rate causing a higher GOR and therefore 
a shorter well shut-in time.  A shorter well life will lead to a lower operational cost, and thus the 
optimization should attempt to achieve a quicker well shut-in time with the largest recovery factor. 
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Figure 3-5: Gas-Oil Ratio vs. the CO2 injection time (lifecycle) 
Figure 3-6 shows the oil production efficiency against the total simulation time.  It is 
determined by the equation: 
𝑂𝑖𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 =  
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑂𝑖𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑇𝑜𝑡𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝑂2 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑
 
 
Figure 3-6: Variation in oil production efficiency with the CO2 injection time (lifecycle) 
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  There are two notable characteristics demonstrated by Figure 3-6.  First, for all CO2 injection 
rates, the production efficiency increases up to a point and then plateaus.  If the simulations were to 
continue past the established GOR limit, the production efficiency would begin to decrease.  
Second, the production efficiency for the lowest injection rate of 1200 MCSF/day starts out lower 
than the higher injection rates but eventually exceeds them.  This shows that the most efficient 
injection level in terms of oil output per unit of CO2 injected does not produce the most oil over the 
lifecycle of the reservoir.  Figure 3-6 also explains the rationale behind setting a GOR of 5000.  At 
this ratio, there is no longer enough oil produced to warrant continued CO2 injection which explains 
the plateau in the efficiency for all the three injection rates. 
The fracture pressure of a reservoir is the pressure at which the rock in the reservoir can be 
fractured and can change the porosity and permeability of the rock.  It is therefore desirable to keep 
the reservoir pressure below the fracture pressure.  This can be achieved by limiting the bottom-hole 
pressure (BHP) of the injection well.  Figure 3-7 shows the average reservoir pressure for injection 
rates of 1200, 4600, and 5000 MCSF/day.  For the initial optimization, BHP is not constrained.  
Later, additional constraints are added to keep the reservoir pressure below the fracture pressure. 
 
Figure 3-7: Changes in bottom-hole pressure with time for three CO2 injection levels 
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Since each injection rate results in a different CO2 migration pattern, using one specific time 
measurement for the calculation of the recovery factor is unreliable.  The concentration of CO2 can 
be continuously monitored in the production well of the reservoir through the use of the 
corresponding COZView COZOUTPLT format file.  At the appropriate time step of well shut in, 
corresponding to a GOR of 5000, the approximate recovery factor of the well can be determined, 
and the resulting fitness function can be calculated for input into the GA.  Parameters for GA 
optimization for this benchmark case are given in Table 3-3. 
 
Individuals per Generation 4 
Maximum Number of Generations 20 
Natural Selection Algorithm 50% 
Mutation Rate 8% 
Cross-Over Algorithm Semi-Random Combination of Parents 
Table 3-3: Genetic algorithm parameters 
 
From Figure 3-8, it can be seen that the genetic algorithm achieves convergence after 
approximately 5 generations. The best individual from each generation is shown in this figure. In 
Figure 3-9, the recovery factor based on optimal injection rate from the genetic algorithm is 
superimposed on three recovery factors obtained from standard COZSim simulations for injection 
rates of 1200, 4600, and 5000 MCSF/day from Figure 3-4. 
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Figure 3-8: GA convergence history 
 
 
Figure 3-9: Variation of recovery factor with CO2 injection rates (optimal recovery factor 
obtained from GA optimization is shown by red dot) 
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Figure 3-10 shows the oil recovery factor as a function of time for the optimal injection rate 
obtained from GA in Figure 3-9, while Figure 3-11 shows the amount of oil recovered daily during 
the simulation period. 
 
Figure 3-8: Oil recovery factor for the optimized CO2 injection rate for the benchmark 
reservoir 
 
Figure 3-9: Daily oil production rate for the optimized CO2 injection rate for the benchmark 
reservoir 
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 For better understanding of the reservoir flow and how the CO2 plume migrates in the 
reservoir, graphical representations of CO2 mass fraction at various time for the baseline injection 
rate of 1200 MCSF/day and the optimal injection rate of 4592 MCSF/day are shown in Figure 3-12.  
From this figure, the change in the CO2 plume migration in the reservoir with an increased injection 
rate can be seen.  Note that Figure 3-12 shows 12 years of CO2 injection for an injection rate of 
4592 MCSF/day; this injection time is significantly longer than necessary to achieve a GOR of 5000 
and is provided here for the purpose of comparison only. 
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Figure 3-10: Graphical representation of CO2 plumes migration in time for two injection 
rates: 1200 MCSF/day on the left; 4592 MCSF/day on the right 
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3.3 Optimization of Recovery Factor for a Limited Pressure System 
 
As described in Section 3.1, the optimal constant-volume injection rate obtained by the GA 
can improve the recovery factor significantly; however, it is unable to control for the reservoir 
pressure.  Constant mass injection systems may be susceptible to elevating the reservoir pressure to a 
level above the formation fracture pressure.  The formation facture pressure is the pressure above 
which the injection of CO2 will cause the rock formation to fracture hydraulically.  This pressure is a 
function of the depth of the reservoir and the rock porosity and permeability.  Long term exposure 
to pressures in excess of the reservoir fracture pressure may result in rock fracture and a premature 
well shut-in.  Furthermore, a pressure above the fracture pressure can change the porosity and 
permeability of the rock.  In the 5-spot model used in these simulations, the highest pressure is in 
the injection cell.  A better model of the EOR process should consider a time-dependent injection 
rate based on the injection well bottom-hole pressure. 
Because the COZSim simulator has a built in pressure stabilizer for the injection well, there 
are no additional changes needed to the code beyond adding the pressure constraint for the CO2 
injection well.  The maximum pressure within the reservoir for the benchmark problem is 
constrained to 2500 psia.  In the optimization process, the injection pressure is set by limiting the 
bottom-hole pressure (BHP) of the injection well to a maximum of 2500 psia to keep consistency 
with the benchmark problem.  All other reservoir characteristics and constraints are kept the same as 
for the constant-volume system considered earlier.  For comparison, the optimal injection-rate 
established above is set as the initial injection rate for the limited-pressure system.  The results are 
summarized below. 
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Initial CO2 
Injection Rate 
(MCSF/day) 
Oil 
Recovered 
(bbl.) 
Recovery 
Factor 
Well Shut-in Time 
(days) 
CO2 Injected 
(MCSF) 
4592 1,470,498 0.773536342 2337 6,278,021 
500 802,905 0.422357729 5475 2,750,207 
1200 1,312,162 0.690245749 4015 4,800,075 
5000 1,469,240 0.772874587 2325 6,367,122 
Table 3-4: COZView/COZSim results of a pressure limited CO2 Injection 
The results in Table 3-4 for a pressure limited CO2 injection are very similar to the results for 
a constant-volume injection rate given before.  As the initial CO2 injection rate increases, the well 
shut-in time decreases.  Furthermore, there is a similar initial increase in the recovery factor as the 
CO2 injection rate increases and then it decreases as it reaches the maximum value of 5000 
MCSF/day.  It should be noted that even though there is approximately 9% difference in initial CO2 
injection rates of 4592 and 5000 MCSF/day, the total amount of CO2 injected differs by less than 
1.5% between the two cases implying that the pressure significantly constrains the injection rate for 
the 5000 MCSF/day case.  It can therefore be concluded that the optimal initial injection rate will 
fall between the 4592 and 5000 MCSF/day. 
Again, using the genetic algorithm, the optimal initial injection rate is established.  Consistent 
with the constant volume injection rate scenario, the initial injection rate is limited between 100 
cubic feet/day to 5000 cubic feet per day.  The time-dependent injection rate for any period of time 
during the simulation is determined by the simulator based on the BHP pressure of the injection 
well.  The simulation is run until a GOR of 5000 is met or after 15 years, whichever occurs first.  
Similarly, the production well is shut-in if less than 5 barrels/day of oil is produced.  Results from 
the optimization are shown in Table 3-5 and Figures 3-13, 3-14, and 3-15. 
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Initial CO2 
Injection 
Rate 
(MCSF/day) 
Oil 
Recovered 
(bbl.) 
Recovery 
Factor 
Well Shut-in 
Time (days) 
Maximum 
Reservoir 
Average 
Pressure 
(PSI) 
CO2 
Sequestered 
(MSCF) 
CO2 
Injected 
(MCSF) 
4826 1,471,398 77.40% 2729 2240 3,990,927 6,352,891 
Table 3-5: Optimization Results for a pressure-limited injection 
 
 
Figure 3-11: Recovery factor for the optimized pressure-limited injection rate 
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Figure 3-12: Average reservoir pressure for the optimized pressure-limited injection rate 
 
 
Figure 3-13: CO2 Injection for the optimized pressure-limited injection case 
 
Figure 3-14 shows the average reservoir pressure throughout the injection lifecycle.  The 
average pressure peaks at around 1100 days which leads to a decrease in the CO2 injection level 
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maximum average reservoir pressure because the injection level is constrained by the BHP of the 
injection well and not the average reservoir pressure.  As more oil is recovered, the average reservoir 
pressure as well as the injection well BHP decreases, and the CO2 injection level increases until its 
maximum optimized level of 4852 MCSF/day is reached.  The recovery factor is close but higher 
than the constant volume injection rate due to a higher amount of total CO2 injected.  Because the 
pressure-limited system decreases gas injection to regulate pressure, the system can extend its 
lifecycle by decreasing the GOR in the production well.  Thus, despite a lower injection level, the 
pressure-limited system can produce more oil and sequester a greater amount of CO2. 
3.4 Expansion of the Benchmark Case 
 
The benchmark case examined a scenario in which approximately 60% of the OOIP 
remained in the reservoir prior to the start of the simulation.  Situations where different levels of 
OOIP recovered in primary and secondary recoveries are examined with a reservoir of the same 
characteristic properties such as rock porosity, water salinity, and saturation graphs described in 
Figures 3-2 and 3-3.  A decrease in reservoir pressure, a change in the level of the Water-Oil Contact 
(WOC), or both, is determined in the reservoir properties to simulate the reservoir with three 
different approximate percentages of remaining OIP: 30%, 45%, and 80%.  While most primary and 
secondary recoveries leave between 40-70% of the OOIP in the reservoir, the two extreme values 
(30% and 80%) are not uncommon and reservoirs with lower OIP are of specific interest.  Table 3-6 
outlines the properties for each of the new scenarios examined.  All other properties of the reservoir 
are left unchanged.  Optimization results are shown in Table 3-7. 
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Reservoir Property 30% OIP 45% OIP 60% OIP (Benchmark) 80% OIP 
OIP (bbl.) 1,082,857 1,315,589 1,901,007 2,394,533 
OOIP (bbl.) 3,030,502 3,030,502 3,030,502 3,030,502 
Reservoir Pressure (PSIA) 325 500 1500 1500  
Elevation @ WOC (ft.) -4400 -4400 -4550 -4578 
Table 3-6: Benchmark reservoir properties for varying levels of oil in place 
 
OIP Injection Profile CO2 
Injected 
Cumulative 
Oil Output 
% OIP 
Recovered 
% OOIP 
Recovered 
CO2 
Sequestered 
Production 
Efficiency 
30% Constant Volume 
Injection 
3774 424,745 39.22% 14.02% 4331901 0.0692 
Pressure-limited 
Injection 
4811 328,961 30.38% 10.86% 3836334 0.0685 
45% Constant Volume 
Injection 
2550 492,004  37.40% 16.24% 3117840 0.1162 
Pressure-limited 
Injection 
2550  502,316 38.18% 16.58% 3188843 0.1179 
60% Constant Volume 
Injection 
4592 1,483,270 78.03% 48.94% 3913042 0.2128 
Pressure-limited 
Injection 
4826 1,471,398 77.40% 48.55% 3990927 0.2316 
80% Constant Volume 
Injection 
4687 1,733,527 72.40% 57.20% 4041083 0.2938 
Pressure-limited 
Injection 
4909 1,663,679 69.48% 54.90% 3566804 0.3349 
Table 3-7: Optimization results for the benchmark reservoir with varying OIP levels 
 
As can be seen in Table 3-7, the amount of oil recovered with respect to the OOIP increases 
as the amount OIP at the start of the simulation increases.  It is interesting to note that as the OIP 
increases, the relative percentage of the oil recovered also increases; thus indicating that CO2 
injection is most beneficial in cases where the OIP is higher.  These results can be attributed to two 
causes.  First, reservoirs with higher remaining OIP will generally be higher in pressure than those 
with lower OIP and there is less time spent in increasing the reservoir pressure relative to the 
minimum pressure needed for oil recovery.  This effect if coupled with the fact that as CO2 is 
injected with less oil production, it is more likely to hit the GOR limit of 5000 sooner and cut off 
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the oil production earlier.  Furthermore, there is a jump between the oil outputs in a 45% OIP 
reservoir versus a 60% OIP reservoir, meaning that the oil output relative to OIP is not constant.  
Another noticeable result is that a lesser amount of initial CO2 injection is needed in all cases where 
CO2 injection is pressure-limited and therefore lesser oil output is achieved.  This can be attributed 
to a higher initial injection level resulting in a situation where CO2 injection is severely limited at an 
earlier time due to the pressure constraint. 
In addition to examining scenarios of varying OIP, the efficacy of recycling the injected gas 
was also examined.  Gas reinjection is a commonplace method used to lower the cost of gas supply.  
It also allows for a more effective CCUS system as any CO2 that is recovered with the oil is simply 
reinjected.  Gas recycling is not without its limitations, however.  Besides the high economic costs 
associated with collecting and reinjecting the recovered gas, the CO2 is thoroughly mixed with any 
recovered hydrocarbon gas, which is assumed to be methane in these simulations, is also recovered.  
Therefore, if gas is reinjected into the reservoir, the gas will be a mixture of CO2 and hydrocarbon 
gas. 
In the following simulations, reinjection of the gas is set at 100% for each of the previously 
discussed cases.  If reinjection is to be used in a reservoir, the most cost effective solution in terms 
of CO2 cost would be to allow 100% gas reinjection because there would be the least CO2 loss out 
of the reservoir from the production well.  If the sum of the initial CO2 injection and the reinjected 
gas exceed the maximum gas injection level of 5000 ft^3/day, it is capped at this level.  Each 
scenario for both constant-volume CO2 injection and pressure-limited CO2 injection is rerun with 
gas reinjection.  The injection profile and the results for the optimized solutions for a 100% gas 
reinjection are summarized in Table 3-8. 
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Table 3-8: Optimization results for the benchmark reservoir with 100% gas reinjection 
The results in Table 3-8 show that a pressure-limited injection has similar recovery rates as a 
constant-volume injection rate.  One major difference is that the recovery factor is lower for every 
scenario considered above; however, the production efficiency and the amount of CO2 sequestered 
is substantially greater.  Furthermore, a lower amount of initial CO2 injection is needed to achieve 
the optimum oil output.  These results can be attributed to the fact that the reinjected gas raises the 
total amount of CO2 injected and simultaneously allows for less gas wasted in the recovery phase.  
Therefore, while gas recycling is ineffective in increasing the recovery factor of a reservoir, it is 
effective in increasing the production efficiency and increasing the amount of CO2 sequestered in 
the reservoir. 
OIP Injectio
n Profile 
CO2 
Injection 
Rate 
Cumulative 
Oil Output 
% OIP 
Recovered 
% OOIP 
Recovered 
CO2 
Sequestered 
Total 
CO2 
Injected 
Production 
Efficiency 
30% Constant 
Volume 
Injection 
4851 309,941 28.62% 10.23% 4352528 5518206 0.0561670 
Pressure-
limited 
Injection 
4906 329,871 30.46% 10.89% 3712792 4662500 0.0707498 
45% Constant 
Volume 
Injection 
2550 425,087 32.31% 14.03% 3188843 4095698 0.1037887 
Pressure-
limited 
Injection 
2414 465,268 35.37% 15.35% 3131103 4104746 0.1133488 
60% Constant 
Volume 
Injection 
3060 1,477,717 77.73% 48.76% 3554611 6333010 0.2333356 
Pressure-
limited 
Injection 
4668 1,471,472 77.40% 48.56% 3563564 5766481 0.2551768 
80% Constant 
Volume 
Injection 
3664 1,703,042 71.12% 56.20% 3736311 5353965 0.3180899 
Pressure-
limited 
Injection 
3398 1,641,548 68.55% 54.17% 3285881 4513113 0.3637285 
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The reinjection of methane may pose problems for a number of reasons.  Primarily, methane 
interacts with oil in a different manner than CO2 and the lower quantity of CO2 injected due to the 
methane injection may inhibit the CO2’s miscibility and may keep the oil at higher viscosity.  
Therefore, there is an optimum reinjection percentage that will allow for maximum oil output.  
Using the same four scenarios for both constant-volume injection and pressure-limited injections, 
the optimal gas recycle percentage is evaluated.  A summary of the injection results for an optimized 
reinjection level is shown in Table 3-9. 
 
OIP Injection 
Profile 
Gas 
Recycled 
Daily 
CO2 
Injected 
Cumulative 
Oil Output 
% OIP 
Recovered 
% OOIP 
Recovered 
CO2 
Sequestered 
Production 
Efficiency 
30% Constant 
Volume 
Injection 
0% 3774 424,745 39.22% 14.02% 4331901 0.069243 
Pressure-
limited 
Injection 
69% 4270 436,436 40.30% 14.40% 3616369.00 0.094402 
45% Constant 
Volume 
Injection 
0% 2379 502,004 38.16% 16.57% 3117840 0.116187 
Pressure-
limited 
Injection 
50% 2550 465,381 35.37% 15.36% 3177867.00 0.1100009 
60% Constant 
Volume 
Injection 
29% 3466 1,486,029 78.17% 49.04% 3870115.00 0.2188362 
Pressure-
limited 
Injection 
60% 4592 1,474,925 77.59% 48.67% 3795635.00 0.2426103 
80% Constant 
Volume 
Injection 
0% 4687 1,733,527 72.40% 57.20% 4041083 0.2938 
Pressure-
limited 
Injection 
0% 4909 1,663,679 69.48% 54.90% 3566804 0.3349 
Table 3-9: Optimization results for the benchmark reservoir with an optimized gas-
reinjection level 
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Table 3-9 confirms that when compared to a pressure-limited system, the optimal      
constant-volume injection will always require a greater amount of injected CO2.  It also results in a 
larger proportion of oil recovery in all cases except for the 30% OIP reservoir.  The disparity in the 
30% OIP reservoir can be attributed to a lower initial reservoir pressure.  The injection rate in the 
pressure-limited system is not as impacted by the pressure constraint as in other reservoir models 
and therefore the pressure-limited injection, coupled with a higher gas recycling percentage, yields a 
higher level of oil recovery.  It is also interesting to note that constant volume injections are better 
with a lower reinjection percentage.  Even the reservoir with 60% OIP, which had an optimal 
solution of 29% gas reinjection, had reinjection values between 0% and 30% for its next 5 best 
results, and all those recovery rates were within 1% of the optimal.  For pressure-limited injections, 
reinjection levels had little effect on the results.  In fact, the recovery factors for varying reinjection 
levels are all within 1% of each other.  Gas reinjection only affects the production efficiency and 
CO2 sequestration level of the reservoirs. 
 
3.5 Model Development and Simulation of a Permian Basin Reservoir 
 
Using a similar model as that used for the Benchmark Reservoir, a model is developed using 
data from a real industrial scale reservoir in the Permian Basin.  This reservoir has different 
characteristics than the Benchmark Reservoir; its properties are outlined in Table 3-10. 
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Reservoir Properties 
Dimensions of 5-spot domain 1000 ft. X 1000 ft. 
Reservoir Thickness 100 feet 
Porosity 0.12 
Reservoir Temperature 235 Degrees Fahrenheit 
Initial Pressure @ -4500 ft ss 1500 PSIA 
Initial bubble point pressure 800 PSIA 
Horizontal Permeability 150 mD 
Vertical Permeability 15 mD 
Boundary conditions No mass flow at boundaries 
Initial CO2 Volume fraction 0 
Initial Oil Volume Fraction 46.21% 
Initial Water Volume Fraction 46.73% 
Reservoir Volume 2,137,285 BBL 
Oil Gravity 40.7 API 
Water Salinity 70,000 ppm 
HC Gas specific gravity 0.7 
Table 3-10: Reservoir Properties for the Permian Basin Reservoir 
 
The saturation functions used by the reservoir are represented by Figures 3-16 and 3-17 
below.  These plots were generated using data provided from research completed by Dai et al [14].  
For unspecified values for variables in this reference, the COZSim default values were used. 
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Figure 3-14: KR-WO saturation plots for the Permian Basin reservoir 
 
Figure 3-15: KR-GO: saturation plots for the Permian Basin reservoir 
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Because of the new characteristics, a new model was developed for the simulation.  From the 
previous research performed by Dai et al [14], the optimal distance between an injection well and 
recovery well is approximately the 1400 feet for a reservoir with characteristics given in Table 3-10 
and Figures 3-16 and 3-17.  To minimize the computational power, only 1/4th of the domain of the 
five-spot pattern in Figure 3-18 is considered since the injection pattern as the results for the other 
3/4th  can be extrapolated due to symmetry.  The modeled injection pattern is similar to that shown 
in Figure 3.7 (See Figure 3-18 below). 
 
Figure 3-16: Geometric Sketch of the five-spot injection/production wells 
To determine the accuracy of the modeled reservoir, results from COZView/COZSim are 
compared to the results from Dai et al [14].  In their study, the effect of well spacing between the 
injection and production well on oil recovery was examined.  For our simulations, three discrete well 
spacing distances are taken from their study and compared to our results from COZSim.  In our and 
Dai et al’s [14] studies, gas is recycled and well-shut in time is not dependent on the GOR.  The 
results between the two studies are compared below in Table 3-11.  Our results from COZSim are in 
reasonably close agreement with the results from the Dai et al paper.  Discrepancies between the 
results of the two models can be attributed to the grid size limitations in COZSim, imperfect 
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replications of the KR-GO and KR-WO saturation tables, and the heterogeneity of the reservoir 
rock characteristics examined in the Dai et al paper that are not present in the COZSim model. 
 
Depth 250 Meters 300 Meters 350 Meters 
Dai et al Results [14] ~1.4 MMbbl ~1.8 MMbbl ~1.7 MMbbl 
COZSim 1.32 MMbbl 1.73 MMbbl 1.68 MMbbl 
Table 3-11: Comparison between Dai results and COZSim results 
 
The new model examines a space of 1000 X 1000 square feet to allow for an approximate 
1400 feet spacing between the wells and is 100 feet deep.  The computational domain is discretized 
into 4 layers with a thickness of 25 feet each and is discretized into a 5 X 5 grid of 20 feet for a total 
of 125 discrete squares.  An injection well and production well are placed on opposite corners, and 
the wells are perforated in each of the 4 layers.  Because of the larger domain, the maximum 
injection rate is set at the same level of 5000 MSCF/day as in the Benchmark Case.  The simulations 
run until a gas-oil ratio of 5000 is reached.  A summary of the remaining parameters employed is 
given in Table 3-12. 
Additional Parameters 
Minimum Reservoir Elevation -5600 feet 
Maximum Reservoir Elevation -5500 feet 
BHP of Recovery Well 1500 PSIA 
Maximum Production Rate 1600 STB/day 
Minimum Oil Rate 5 STB/day 
Model Type 2 phase 
Table 3-12: Additional Parameters for the Permian Basin Reservoir Model 
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3.6 Optimization of the Permian Basin Reservoir 
 
The optimization process for the Permian Basin Reservoir is the same as for the benchmark 
EOR problem discussed in Section 3.1.  Before the recovery factor for this reservoir can be properly 
optimized, a few key parameters must be determined by performing a series of COZSim simulations 
at different injection rates.  For this study, the reservoir conditions of the problem described in 
Section 3.3 are kept the same.  The injection rate is however varied at specified increments.  Similar 
to the benchmark problem, it is not expected that an optimal rate of CO2 will be greater than 5000 
MCSF/day.  Rates higher than 5000 MCSF/day are not only unrealistic economically for a reservoir 
of this size, especially considering that only 1/4th  of the reservoirs modeled, but also will cause a 
substantial pressure increase in the reservoir which may cause reservoir fracturing.  A lower 
threshold for the injection rate was established at 100 MCSF/day to be consistent with the 
simulations run in Section 3.1 through Section 3.3.  Five simulations are performed to compare with 
the optimization results. 
Just as in Section 3.4 for the benchmark problem, the reservoir performance is evaluated for 
four discrete depletion levels: 30%, 45% 60% (the standard depletion level), and 80% of OOIP.  
Reservoir properties are shown in Table 3-13.  Optimization is completed for both constant-mass 
injection and a pressure-limited injection for each of the four depletion levels.  It should be noted 
that because of differences in reservoir properties, the pressure-limited injection is set to a higher 
value of 3000 PSIA for the injection well BHP to be in-line with the formation fracture pressure of 
this reservoir.  Finally, for each the above conditions, gas recycling levels are initially set at 0% and 
100%, and are later optimized using variable recycling levels.  A summary of each of the 24 
optimized simulations and the optimal injection profiles is presented in Table 3-14.  The optimal 
output results for these simulations are summarized in Table 3-15. 
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Reservoir Property 30% OIP 45% OIP 60% OIP (Baseline) 80% OIP 
OIP (bbl.) 573,827 746,186 975,877 1,320,666 
OOIP (bbl.) 1,646,850 1,646,850 1,646,850 1,646,850 
Initial Reservoir Pressure (psia) 1500 1500 1500 1500  
Elevation @ WOC (ft.) -5525 -5540 -5560 -5590 
Table 3-13: Permian Basin reservoir properties for varying levels of oil in place 
 
Reservoir Conditions Optimized Injection 
Profile 
OIP Injection 
Profile 
Gas  Recycling CO2 
Injected 
% Recycled 
CO2 
30% Constant 
Volume 
Injection 
No Recycling 4592   0% 
Forced 100% Recycling 2370   100% 
Optimized Recycling 2370   100% 
Pressure-
limited 
Injection 
No Recycled Gas  5000  0% 
Forced 100% Recycling 2486   100% 
Optimized Recycling 2486   100% 
45% Constant 
Volume 
Injection 
No Recycling  4827  0% 
Forced 100% Recycling 1785   100% 
Optimized Recycling 1785  100%  
Pressure-
limited 
Injection 
No Recycled Gas  1785  0% 
Forced 100% Recycling  2085  100% 
Optimized Recycling  2085 100%  
60% Constant 
Volume 
Injection 
No Recycling  4592  0% 
Forced 100% Recycling  2947  100% 
Optimized Recycling  2947  100% 
Pressure-
limited 
Injection 
No Recycling 4592   0% 
Forced 100% Recycling 2934   100% 
Optimized Recycling 2934  100%  
80% Constant 
Volume 
Injection 
No Recycled Gas  4592  0% 
Forced 100% Recycling  5000  100% 
Optimized Recycling   4592 0% 
Pressure-
limited 
Injection 
No Recycled Gas  3664  0% 
Forced 100% Recycling  2690  100% 
Optimized Recycling  2690 100%  
Table 3-14: Injection profiles for the optimized solutions of the Permian Basin Reservoir 
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Reservoir Conditions Optimization Results 
OIP Injection 
Profile 
Gas  Recycling Cumulative 
Oil Output 
% OIP 
Recovered 
% OOIP 
Recovered 
CO2 
Sequestered 
Production 
Efficiency 
30% Constant 
Volume 
Injection 
No Recycling 165,615 28.86% 10.06% 866,434 0.15 
Forced 100% Recycling 175,244 30.54% 10.64% 895,749 0.16 
Optimized Recycling 175,244 30.54% 10.64% 895,749 0.16 
Pressure-
limited 
Injection 
No Recycled Gas 168,003 29.28% 10.20% 829,923 0.14 
Forced 100% Recycling 168,805 29.42% 10.25% 895,489 0.16 
Optimized Recycling 168,805 29.42% 10.25% 895,489 0.16 
45% Constant 
Volume 
Injection 
No Recycling 262,705 35.21% 15.95% 1,010,206 0.17 
Forced 100% Recycling 273,321 36.63% 16.60% 895,489 0.26 
Optimized Recycling 273,321 36.63% 16.60% 895,489 0.26 
Pressure-
limited 
Injection 
No Recycled Gas 261,116 34.99% 15.86% 1,044,824 0.28 
Forced 100% Recycling 280,112 37.54% 17.01% 828,538 0.25 
Optimized Recycling 280,112 37.54% 17.01% 828,538 0.25 
60% Constant 
Volume 
Injection 
No Recycling 425,594 43.61% 25.84% 1,184,214 0.26 
Forced 100% Recycling 432,823 44.35% 26.28% 1,013,056 0.25 
Optimized Recycling 432,823 44.35% 26.28% 1,013,056 0.25 
Pressure-
limited 
Injection 
No Recycling 427,703 43.83% 25.97% 1,214,214 0.28 
Forced 100% Recycling 432,411 44.31% 26.26% 842,321 0.26 
Optimized Recycling 432,411 44.31% 26.26% 842321 0.26 
80% Constant 
Volume 
Injection 
No Recycled Gas 769,253 58.25% 46.71% 1,335,188 0.36 
Forced 100% Recycling 752,786 57.00% 45.71% 1,310,207 0.37 
Optimized Recycling 769,253 58.25% 46.71% 1,335,188 0.36 
Pressure-
limited 
Injection 
No Recycled Gas 752,786 57.00% 45.71% 1,060,022 0.41 
Forced 100% Recycling 735,039 55.66% 44.63% 998,237 0.45 
Optimized Recycling 735,039 55.66% 44.63% 998,237 0.45 
Table 3-15: Optimized output results for the Permian Basin Reservoir 
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4. Chapter 4 
4. Simulation and Optimization of a WAG 
Scheme for EOR 
 
This chapter presents the application of Water-Alternating-Gas (WAG) injection scheme for 
Enhanced Oil Recovery. 
4.1 Background 
 
A water-alternating gas (WAG) injection scheme can be implemented in enhanced oil recovery 
systems to increase the recovery factor.  By having a recurrent cycle of CO2 injection followed by 
water injection, total oil output from the depleted reservoir can be increased.  The water not only 
increases the pressure of the reservoir to further stimulate oil recovery, but also decreases the 
amount of CO2 recovered with the oil from the production well.  The result is a lower GOR which 
allows the reservoir to be depleted for a longer period of time while still remaining economically 
viable.  A potential downside, however, is that the use of the reservoir for CCUS may be reduced. 
A WAG scheme is developed for both the Benchmark Case and the Permian Basin Model.  
Each WAG cycle considered is 6-months long of which half the time the reservoir is injected with 
CO2 and the other half with water.  In the simulations, the injection cycle always begins with CO2 
injection since EOR is a tertiary recovery and water has already been injected prior to the simulation 
of tertiary recovery. 
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4.2 WAG Scheme for the Benchmark Reservoir 
 
A baseline case for a WAG scheme is first developed for the benchmark reservoir using the 
standard 60% OIP level.  Keeping all reservoir properties unchanged, the injection levels for water 
and CO2 are set at 1000 bbl. /day and 1000 MCSF/day respectively.  Figure 4-1 shows the injection 
rates for water and CO2 as a function of time.  Figure 4-2 shows the production rate over the 
injection lifecycle.  Figure 4-3 shows the recovery factor over time of the WAG scheme compared to 
a pure CO2 injection, while Figure 4-4 shows the GOR of the production well as a function of time. 
 
Figure 4-1: Injection rates of CO2 (blue) and water (red) during the WAG injection cycle 
(the duration of one cycle is 6 months; 3 months for CO2 followed by 3 months for water) 
0
500
1000
1500
2000
2500
3000
3500
 
[57] 
 
 
Figure 4-2: Daily oil production during the WAG injection scheme lifecycle 
 
Figure 4-3: Recovery factor during the lifecycle of a WAG injection scheme 
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Figure 4-4: GOR during the WAG injection scheme lifecycle 
 
Figure 4-5: Average Reservoir Pressure during the WAG injection scheme lifecycle 
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Figures 4-2 to 4-5 above demonstrate the effects of a WAG scheme on EOR from a 
benchmark reservoir.  During the WAG cycle, there is a cyclical increase and decrease in the oil 
output due to change in the injection fluid.  Furthermore, a WAG scheme is shown to increase the 
lifecycle of the injection period since the water injection lowers the GOR of the production well. 
The result is a recovery factor of 80.86% over approximately 13 years which is a 4% increase in the 
recovery factor using only the constant volume CO2 injection. 
As shown in Figure 4-5 that there are time periods in which the BHP of the injection well is 
close to the fracture pressure of 2500 psia.  Therefore, a pressure-limited injection scheme is also 
examined.  Using the same parameters in the simulation as used in the simulation described above, 
an additional constraint is added by limiting the BHP of the injection well to 2500 psia.  The results 
of the pressure-limited simulation are shown in Figures 4-6 to 4-10. 
 
 
Figure 4-6: Injection levels for a pressure-limited WAG injection scheme 
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Figure 4-7: Daily Oil Production in a pressure-limited WAG injection scheme 
 
Figure 4-8: Recovery Factor for a pressure-limited WAG injection scheme 
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Figure 4-9: Gas-Oil Ratio (GOR) of a pressure-limited WAG injection scheme 
 
 
Figure 4-10: Average reservoir pressure for a pressure-limited WAG injection scheme 
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It is important to note that, when compared to the constant-volume CO2 injection scheme, 
the recovery factor of a WAG scheme is substantially lower and the GOR does not exceed 5000.  
This can be attributed to the fact that the well was simply shut-down after 15 years, not because of a 
GOR or oil output constraint.  Hence, the results above do not show any benefits of using a WAG 
scheme but are just shown as an example of the outcome of using a pressure-limited WAG 
injection. 
Before the benchmark reservoir can be optimized using a WAG injection scheme, additional 
parameters must be determined by performing a series of COZSim simulations at different injection 
rates.  In this study, the reservoir conditions of the benchmark problem described in Section 3.1 are 
kept the same.  The gas injection rate is varied as previously described ranging between 100 
MSCF/day to 5000 MSCF/day.  In addition, the water injection rate is also varied at specified 
increments.  Because the reservoir has previously been water flooded during secondary recovery, the 
optimal water injection rate is not expected to exceed 2000 bbl./day.  Furthermore, due to the high 
cost of injecting water, injections above 2000 bbl./day are economically unrealistic for a reservoir of 
this size.  A lower threshold for water injection was set at 50 bbl. /day.  Water injection below this 
rate will have minimal impact on reservoir pressure and will not increase the recovery factor. 
 
4.3 Optimization and Expansion of the Benchmark Reservoir 
 
A total of 24 optimization cases are performed for the benchmark reservoir employing the 
WAG injection scheme.  There are four reservoir conditions which are simulated with varying levels 
of OIP: 30%, 45%, 60%, and 80%.  For each of these cases, constant volume injection and pressure-
limited injection are examined and optimized.  Furthermore, full, partial, and no reinjection schemes 
are also examined and optimized for both constant volume and a pressure-limited injection for each 
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of the four reservoir OIP amounts in the reservoir.  Table 4-1 outlines the cases optimized with 
pertinent details for each case.  Table 4-2 shows the output results for the optimized cases. 
 
Reservoir Conditions Optimized Injection Profile 
OIP 
Injection 
Profile 
Gas  and Water Recycling CO2 
Injected 
Recycled 
CO2 
Water 
Injected 
Recycled 
Water 
30% 
Constant 
Volume 
Injection 
No Recycling 3663 0% 694 0% 
Forced 100% Recycling - - - - 
Optimized Recycling 3663 0% 694 0% 
Pressure-
limited 
Injection 
No Recycled Gas - - - - 
Forced 100% Recycling - - - - 
Optimized Recycling - - - - 
45% 
Constant 
Volume 
Injection 
No Recycling 5000 0% 2000 0% 
Forced 100% Recycling - - - - 
Optimized Recycling 5000 34% 77 2% 
Pressure-
limited 
Injection 
No Recycled Gas - - - - 
Forced 100% Recycling - - - - 
Optimized Recycling - - - - 
60% 
Constant 
Volume 
Injection 
No Recycling 3524 0% 705 0% 
Forced 100% Recycling 5000 100% 960 100% 
Optimized Recycling 3630 66% 604 7% 
Pressure-
limited 
Injection 
No Recycling 4639 0% 50 0% 
Forced 100% Recycling 696 100% 50 100% 
Optimized Recycling 5000 100% 50 0% 
80% 
Constant 
Volume 
Injection 
No Recycled Gas 3608 0% 1964 0% 
Forced 100% Recycling 2550 100% 1025 100% 
Optimized Recycling 3901 20% 1555 74% 
Pressure-
limited 
Injection 
No Recycled Gas 4531 0% 50 0% 
Forced 100% Recycling 3398 100% 50 100% 
Optimized Recycling 3424 96% 50 25% 
Table 4-1: Optimized injection profile of a WAG scheme for the benchmark reservoir 
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Reservoir Conditions Optimized Results 
OIP Injection 
Profile 
Gas  and Water 
Recycling 
Cumulative 
Oil Output 
% OIP 
Recovered 
% OOIP 
Recovered 
CO2 
Sequestered 
Production 
Efficiency 
30% Constant 
Volume 
Injection 
No Recycling 191,481 0.176829 0.063185 2,886,468 0.0565039 
Forced 100% 
Recycling 
- - - - - 
Optimized 
Recycling 
191,481 0.176829 0.063185 2,886,468 0.0565039 
Pressure-
limited 
Injection 
No Recycled Gas - - - - - 
Forced 100% 
Recycling 
- - - - - 
Optimized 
Recycling 
- - - - - 
45% Constant 
Volume 
Injection 
No Recycling 727,692 0.55313 0.240123 3,265,236 0.1469390 
Forced 100% 
Recycling 
- - - - - 
Optimized 
Recycling 
759,197 0.577078 0.250519 3,265,236 0.1469390 
Pressure-
limited 
Injection 
No Recycled Gas - - - - - 
Forced 100% 
Recycling 
- - - - - 
Optimized 
Recycling 
- - - - - 
60% Constant 
Volume 
Injection 
No Recycling 1,539,797 0.80999 0.5081 3424470 0.284866 
Forced 100% 
Recycling 
1,548,605 0.814624 0.511006 3321949 0.289574 
Optimized 
Recycling 
1544948 0.8127 0.509799 3347439 0.287616 
Pressure-
limited 
Injection 
No Recycling 407,479 0.214349 0.134459 1458430 0.272991 
Forced 100% 
Recycling 
270,116 0.142091 0.089132 1027543 0.261162 
Optimized 
Recycling 
441376 0.23218 0.145645 1439235 0.295037 
80% Constant 
Volume 
Injection 
No Recycled Gas 2,054,986 0.858199 0.678101 3369353 0.399223 
Forced 100% 
Recycling 
2,041,085 0.852394 0.673514 3199393 0.444395 
Optimized 
Recycling 
2068141 0.863693 0.682442 3368259 0.384287 
Pressure-
limited 
Injection 
No Recycled Gas 1,255,275 0.524225 0.414214 123500 0.404427 
Forced 100% 
Recycling 
1,098,039 0.458561 0.362329 1972457 0.516644 
Optimized 
Recycling 
1256548 0.524757 0.414634 2301635 0.429704 
Table 4-2: Optimized results of a WAG injection scheme for the benchmark reservoir 
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The results in Table 4-2 demonstrate that a WAG injection scheme is particularly useful for 
increasing the production efficiency; in most cases, there has been an increase of 0.10-0.15 
STB/MSCF.  However, because of the water injection, a decrease in the level of CO2 sequestration 
occurs.  The effect of a WAG injection scheme is significant in constant volume injections; however 
a substantial decrease in the recovery factor occurs when the injection is pressure-limited.  The 
results are compared to the CGI results obtained in Chapter 3 in Figures 4-11 to 4-14.  It should be 
noted that some data points perfectly overlap in these figures. 
 
Figure 4-11: Recovery factor vs CO2 sequestration levels for the benchmark reservoir with 
30% OOIP 
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Figure 4-12: Recovery factor vs CO2 sequestration levels for the benchmark reservoir with 
45% OOIP 
 
Figure 4-13: Recovery factor vs CO2 sequestration levels for the benchmark reservoir with 
60% OOIP 
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Figure 4-14: Recovery factor vs CO2 sequestration levels for the benchmark reservoir with 
80% OOIP 
It should be noted that the 30% and 45% OIP simulations were unable to produce results 
with meaningful oil recovery in situations where there was gas recycling from the production well 
and situations where the injection was pressure-limited.  Upon inspection of the simulation data, 
situations with forced recycling failed to produce oil because of the extremely large amount of water 
being recovered at the beginning of the production.  This water is then reinjected back into the 
reservoir at an extremely high ratio relative to the gas injection and the injection scheme acts as a 
water injection and not as a WAG (CO2 and water) injection scheme.  Thus, the benefits of miscible 
CO2 within the reservoir are not attained and no oil recovery is achieved.  Pressure-limited injections 
were also unable to produce oil because of the perforations of the injection well were only in the 
bottom quintile of the reservoir.  Because the simulations with low OIP percentages had higher 
WOC zones, the injection wells were pumping exclusively into water.  The result was an unstable 
BHP when switching between CO2 and water injection.  In the following simulations performed for 
the Permian Basin Reservoir described in section 4.4, the model is assumed to have the injection 
well perforated at all depths, and therefore these issues are nonexistent. 
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4.4 WAG injection scheme for the Permian Basin Reservoir 
 
A baseline case for a WAG injection scheme is first developed for the Permian Basin 
reservoir.  Keeping all reservoir properties unchanged, the injection levels for water and CO2 are set 
at 1000 bbl./day and 1500 MCSF/day respectively.  Although the modeled Permian Basin Reservoir 
is larger than the Benchmark Reservoir, the injection rates are kept the same for the baseline case 
because only 1/4th of the reservoir is being modeled.  Figure 4-11 shows the recovery factor over 
time of the WAG injection scheme.  Figure 4-12 shows the GOR of the production well as a 
function of time.  The results are similar to those from the benchmark model, although due to a 
lower CO2 injection rate, the WAG cyclic pattern is not as pronounced. 
 
 
Figure 4-15: Recovery Factor for the Permian Basin model with a WAG injection scheme 
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Figure 4-16: GOR for the Permian Basin model with a WAG injection scheme 
 
 Similar to the benchmark case, the additional parameters are established for the Permian 
Basin reservoir for optimization.  Reservoir conditions described in Section 3.3 are kept unchanged.  
The gas injection rate is varied as previously described ranging between 100 MCSF/day to 5000 
MCSF/day.  In addition, the water injection rate is also varied at specified increments between 50 
bbl. /day and 1000 bbl./day. 
4.5 Optimization and Expansion of the Permian Basin Reservoir 
 
Following the methodology for the benchmark reservoir, the same types of cases are 
optimized for the Permian Basin Reservoir.  A total of 24 optimization cases are conducted utilizing 
a WAG injection scheme.  There are four reservoir conditions simulated with varying levels of OIP: 
30%, 45%, 60%, and 80%.  For each of these cases, constant volume injection and pressure-limited 
injection are examined and optimized.  Furthermore, full, partial, and no reinjection schemes are also 
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four OIP amounts.  Table 4-3 outlines the cases optimized in this section and the optimized 
injection profile.  Table 4-4 summarizes the output results of the optimized solutions. 
Reservoir Conditions Optimized Injection Profile 
OIP Injection 
Profile 
Gas  and Water 
Recycling 
CO2 
Injected 
% 
Recycled 
CO2 
Water 
Injected 
% Recycled 
Water 
30% Constant 
Volume 
Injection 
No Recycling 4900 0% 2000 0% 
Forced 100% Recycling 2550 100% 1025 100% 
Optimized Recycling 4900 0% 2000 0% 
Pressure-
limited 
Injection 
No Recycled Gas 5000 0% 1683 0% 
Forced 100% Recycling 2091 100% 943 100% 
Optimized Recycling 5000 0% 1683 0% 
45% Constant 
Volume 
Injection 
No Recycling 4080 0% 2000 0% 
Forced 100% Recycling 2643 100% 986 100% 
Optimized Recycling 4080 0% 2000 0% 
Pressure-
limited 
Injection 
No Recycled Gas 5000 0% 1678 0% 
Forced 100% Recycling 2166 100% 1837 100% 
Optimized Recycling 5000 0% 1678 0% 
60% Constant 
Volume 
Injection 
No Recycling 5000 0% 2000 0% 
Forced 100% Recycling 4955 100% 2000 100% 
Optimized Recycling 4955 100% 2000 100% 
Pressure-
limited 
Injection 
No Recycling 4762 0% 2000 0% 
Forced 100% Recycling 3000 100% 1050 100% 
Optimized Recycling 4508 0 2000 14% 
80% Constant 
Volume 
Injection 
No Recycled Gas 5000 0% 2000 0% 
Forced 100% Recycling 2581 100% 2000 100% 
Optimized Recycling 5000 0% 1996 100% 
Pressure-
limited 
Injection 
No Recycled Gas 5000 0% 2000 0% 
Forced 100% Recycling 1812 100% 2000 100% 
Optimized Recycling 5000 0% 2000 0% 
Table 4-3: Optimized injection profile of a WAG scheme for the Permian Basin Reservoir 
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Reservoir Conditions Optimized Results 
OIP 
Injection 
Profile 
Gas  and Water 
Recycling 
Cumulative 
Oil Output 
% OIP 
Recovered 
% OOIP 
Recovered 
CO2 
Sequestered 
Production 
Efficiency 
30% 
Constant 
Volume 
Injection 
No Recycling 398,698 69.48% 24.21% 933906 0.30 
Forced 100% 
Recycling 
386,083 67.28% 23.44% 960995 0.29 
Optimized Recycling 398,698 69.48% 24.21% 933906 0.30 
Pressure-
limited 
Injection 
No Recycled Gas 367,469 64.04% 22.31% 843601 0.30 
Forced 100% 
Recycling 360,839 62.88% 21.91% 
792,106 0.315 
Optimized Recycling 367,469 64.04% 22.31% 843601 0.30 
45% 
Constant 
Volume 
Injection 
No Recycling 588,146 78.82% 35.71% 1041736 0.38 
Forced 100% 
Recycling 
568,013 76.12% 34.49% 990304 0.40 
Optimized Recycling 588,146 78.82% 35.71% 1041736 0.38 
Pressure-
limited 
Injection 
No Recycled Gas 542,046 72.64% 32.91% 838977 0.43 
Forced 100% 
Recycling 
540339 72.41% 32.81% 789892 0.45 
Optimized Recycling 542,046 72.64% 32.91% 838977 0.43 
60% 
Constant 
Volume 
Injection 
No Recycling 821,996 84.22% 49.50% 1061746 0.49 
Forced 100% 
Recycling 
822,008 84.23% 49.91% 1075871 0.48 
Optimized Recycling 822,008 84.23% 49.91% 1075871 0.48 
Pressure-
limited 
Injection 
No Recycling 755,856 77.45% 45.90% 749572 0.64 
Forced 100% 
Recycling 660,033 65.89% 39.05% 
756,637 .62 
Optimized Recycling 756,525 77.52% 45.94% 1061746 0.49 
80% 
Constant 
Volume 
Injection 
No Recycled Gas 1,138,834 86.23% 69.15% 1060252 0.62 
Forced 100% 
Recycling 
1,116,845 84.57% 67.82% 769845 0.80 
Optimized Recycling 1,139,627 86.29% 69.20% 1062405 0.62 
Pressure-
limited 
Injection 
No Recycled Gas 1,069,444 80.98% 64.94% 868982 0.77 
Forced 100% 
Recycling 
950,861 72.00% 57.74% 537372 1.27 
Optimized Recycling 1,069,444 80.98% 64.94% 868982 0.77 
Table 4-4: Optimized results of a WAG injection scheme for the Permian Basin Reservoir 
The Permian Basin model showed results similar to the Benchmark model.  Unlike the 
benchmark problem, however, there are reliable results for low OIP percentages because the 
injection well is perforated throughout the depth of the reservoir and not only at the bottom.  
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Compared to a CO2 only injection, a WAG injection scheme shows a dramatic improvement in the 
oil recovery factor and production efficiency in all the simulation cases, including a pressure-limited 
system.  This difference compared to the Benchmark model can be attributed again to the 
perforation along the entire well depth which lowers the BHP of the injection well resulting in a less 
constrained injection.  The WAG injection scheme results are compared to the CGI injection 
scheme results presented in Chapter 3 in Figures 4-17 to 4-20 below. 
 
 
Figure 4-17: Recovery factor vs CO2 sequestration levels for the Permian Basin reservoir with 
30% OOIP 
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Figure 4-18: Recovery factor vs CO2 sequestration levels for the Permian Basin reservoir with 
45% OOIP 
 
 
Figure 4-19: Recovery factor vs CO2 sequestration levels for the Permian Basin reservoir with 
60% OOIP 
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Figure 4-20: Recovery factor vs CO2 sequestration levels for the Permian Basin reservoir with 
80% OOIP 
  
[75] 
 
5. Chapter 5  
6. Conclusions and Future Research 
5.1 Conclusions 
 
In this thesis, numerical simulations and optimizations of two sets of problems in Enhanced 
Oil Recovery (EOR) from depleted reservoirs of have been conducted.  The first simulation set 
deals with two reservoirs (a benchmark reservoir and a reservoir in the Permian Basin in Texas) 
using a constant-volume CO2 injection for EOR.  The second simulation set deals with the same 
two reservoirs but with a Water Alternating Gas (WAG) injection scheme for EOR.  In both set of 
studies, a high pressure CO2 fluid was injected into the reservoir and its migration was simulated 
using the DOE COZSim/COZView numerical solver.  Code validation studies involving a baseline 
reservoir case from the Permian Basin in Texas show close agreement between the previous studies 
reported in the literature and the present study.  After the validation, optimization studies were 
conducted on two cases—a benchmark reservoir and a reservoir from the Permian Basin in Texas 
using a genetic algorithm (GA) based optimizer.  The optimizer is developed based on a previously 
used optimizer to allow for the use of the COZSim simulator.  The simulations first considered a 
constant volume CO2 injection rate to optimize the recovery factor for these two modeled 
reservoirs.  Later, a pressure-limited injection was considered and optimized.  These two types of 
injections were examined for four different levels of Oil in Place (OIP) in the two reservoirs.  
Optimized simulations resulted in significant improvements in recovery factors and shorter well 
lifetimes.  Next, the performance of a WAG injection scheme was examined for the two reservoir 
models for EOR.  The application of a WAG injection scheme showed the most improvement in a 
reservoir with a higher percentage of OIP and was completely ineffective in a reservoir with a high 
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Water-Oil Contact (WOC) depth and injection well perforations at the bottom only.  Furthermore, 
the WAG injection scheme was less effective in pressure-limited injections.  The results obtained 
from the optimization studies demonstrate how improvements can be made to various injection 
scenarios to determine the optimal injection of CO2 for achieving maximum oil recovery factor. The 
efficient use of captured CO2 is important for the success of CCUS projects. It is shown that the 
optimization of EOR projects to make them economically viable provides a good potential for the 
use of captured CO2. 
 
5.2 Future Research 
 
There are several aspects of the optimization presented in this research that can be expanded.  
Further studies in enhanced oil recovery (EOR) may focus on non-isothermal effects of the CO2 
interactions with oil and hydrocarbons and their effects on the reservoir performance.  Additional 
simulations with differing reservoir properties in conjunction with differing well-spacings may yield 
different oil recovery rates since the density and viscosity of supercritical CO2 as well as the flow 
characteristics of the CO2 plume vary greatly with changes in temperature, pressure and reservoir 
size.  Future work using the WAG injection schemes may include investigations on the impact of 
WAG injection scheme in optimizing the well spacing for improving the recovery factor.  Further 
optimization studies should consider heterogeneity of the particular reservoir for both CO2-only 
injection and the WAG injection schemes.  For the WAG injection schemes in particular, 
optimization studies could focus on the time-periods of the injection of CO2 and water for each 
WAG cycle including introduction of a variable time-period cycle. 
For Enhanced Oil Recovery, the advancement and large scale commercialization of the 
technology will depend on both computer simulations and their validation with laboratory scale data 
[77] 
 
as well as with available field data from already deployed industrial projects.  For the further 
understanding and advancement of the multi-fluid multi-component physical processes, 
experimental studies and computer simulations should be conducted concurrently and then validated 
for pilot-scale EOR reservoirs.  Computer simulations will rely on data from pilot plant 
experimental studies for initial validation; however, once validated, the computer simulations could 
provide useful information for large industrial scale development of EOR projects.  
[78] 
 
References 
 
[1] International Energy Outlook 2010, US Energy Information Administration, Office of 
Integrated Analysis and Forecasting, US Department of Energy, July 2010. 
[2] P. Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/) and R. Keeling, Scripps 
Institution of Oceanography (scrippsco2.ucsd.edu/), February 13, 2015.   
[3]  Marland, G., T.A. Boden, and R.J. Andres. Global, Regional, and National Fossil Fuel CO2 
Emissions. In Trends: A Compendium of Data on Global Change. Carbon Dioxide 
Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, 
Oak Ridge, Tenn., U.S.A, 2000. 
[4] Metz, B., Davidson, O., de Coninck, H., Loos, M. and L. Meyer (eds.), IPCC Special 
Report on Carbon Dioxide Capture and Storage, Cambridge University Press, 2005. 
[5] Brown, D., “A Hot Dry Rock Geothermal Energy Concept Utilizing Supercritical CO2 
Instead of Water.” Proceedings of the Twenty-Fifth Workshop on Geothermal Reservoir Engineering, 
Stanford University, pp. 233–238, 2000. 
[6] Overview of Carbon Storage Research, US Department of Energy, Office of Fossil Energy, 
2014. 
[7] Melzer, S. L.  “Carbon Dioxide Enhanced Oil Recovery (CO2 EOR): Factors Involved in 
Adding Carbon Caputre, Utilization and Storage (CCUS) to Enhanced Oil Recovery.  
National Enhanced Oil Recovery Initiative, February 2012, 
http://neori.org/Melzer_CO2EOR_CCUS_Feb2012.pdf 
[8] Carbon Capture and Sequestration Project Database, Carbon Capture and Sequestration 
Technologies at Massachusetts Institute of Technology, 2014.  
[79] 
 
[9] CO2 Enhanced Oil Recovery,  Institute for 21
st Century Energy, U.S. Chamber of 
Commerce, 2013,  www.energyxxi.org. 
[10] COZView/COZSim User Manual, Nitec, LLC website, 
 
http://nitecllc.com/docs/COZView_UserManual.pdf, 8 August, 2014 
 
[11]  Zhang, Z. "Numerical Simulation and Optimization of CO2 Sequestration in Saline 
Aquifers," Ph.D. Thesis, Dept. of Mechanical Engineering & Materials Science, Washington 
University in St. Louis, 2013. 
[12]  Phase Diagram, General Properties and Uses of Carbon Dioxide. Global CCS Institute. 2014 
[13] COZView/COZSim Tutorial 1. Nitec LLC website.  http://nitecllc.com/docs/Tutorial-
1.pdf, 21 June, 2014. 
[14] Dai, Z., Middleton, R., Viswanathan, H., Fessenden-Rahn, J., Bauman, J., Pawar, R., Lee,S. 
and B. Mcpherson. "An Integrated Framework for Optimizing CO2 Sequestration and 
Enhanced Oil Recovery." Environmental Science & Technology Letters, Vol. 14, No. 1 pp. 
49-54, 2013. 
[15] Peaceman, D.W.  Fundamentals of Numerical Reservoir Simulation, pp.  2-13. 1977, 
http://www.math.purdue.edu/~santos/research/mi_modelo_con_jose/references/peacem
an_chap1.pdf 
[16] Karacaer, C. “Mixing Issues in CO2 Flooding: Comparison of Compositional and Extended 
Black-Oil Simulators” M.S. Thesis, Colorado School of Mines, 2013. 
 
  
[80] 
 
Vita 
Razi Safi 
 
 
Degrees M.S. Department of Mechanical Engineering & Materials Science, 
Washington University in St. Louis, May 2015 
 B.S. Department of Mechanical Engineering & Materials Science, 
Washington University in St. Louis, May 2014 
 
 
 
Razi is currently working as a structural analysis engineer with the Boeing Company.  
 
 
May 2015 
 
